Abstract-
I. INTRODUCTION
T HE detectors of the International Linear Collider, ILC, will feature an instrumented forward region. BeamCal is the innermost system in the forward region and covers polar angle ranges of 5 mrad to about 28 mrad. Fig. 1 shows the forward region of the Large Detector Concept for the ILC, the LDC [1] . BeamCal is hit by a ≈ 10 5 electron-positron pairs originating from beamstrahlung depositing a total energy of about 10 to 20 TeV per bunch crossing [2] .
The BeamCal is built for the efficient detection of single high energetic particles at lowest polar angles and to optimize the luminosity by providing a fast feedback signal to the machine steering system. BeamCal will be a compact sandwich calorimeter using 30 layers of tungsten as the absorber material (1 X 0 per layer) with interspersed sensor layers. The sensors have to be linear over a large dynamic range (> 10 3 ) and have to withstand radiation doses up to 10 MGy per year of operation. Fig. 2 shows a typical spatial distribution of the annual dose rate. A suitable material for this task could be polycrystalline CVD diamond.
II. DIAMOND AS A SENSOR MATERIAL FOR THE BEAMCAL
Polycrystalline CVD diamonds can be articificially grown on the scale of wafer sizes up to 6 inch. Due to the high band gap of about 5.5 eV a highly pure material is suited for being used as a solid state ionisation chamber. The polycrystalline structure leads to the formation of trapping centers in the band structure reducing the charge collection efficiency. For the application described above the signal size is not a critical issue due to high number of particles within a shower. Earlier studies [3] proved the potential of pCVD diamonds in radiation hardness to electromagnetic irradiation.
We are investigating the performance of samples from two different manufacturers: Element Six Ltd. (E6), UK, and the Fraunhofer Institute for Applied Solid State Physics (IAF), Germany. These samples are of 1 × 1 cm 2 size and are metallized with a Ti(/Pt)/Au tri-layer metallization.
III. LINEARITY TEST OF PCVD DIAMOND
At the Proton Synchrotron, PS, at CERN a beam of 5 GeV hadrons has been used to investigate the linearity of the response of diamond over a large range of particle fluences. For that purpose the device under test, DUT, was placed in a light tight box in the beam line. The DUT signal was directly fed into a charge sensitive ADC. A scintillator was placed adjacent to the DUT. Two photomultipliers were attached to the scintillator via wavelength-shifting fibres to generate a trigger signal and to record a relative signal of the beam intensity. Together with an absolute fluence calibration provided by CERN it was possible to reconstruct the fluence of an individual run. Fig. 3 shows the response of a sample from E6 in arbitrary units as a function of the particle fluence in MIP/(cm 2 × 10 ns). For better visualization the low fluence part down to 1 MIP/(cm 2 × 10 ns) is cut but included in the fit. The deviation to the linear extrapolation is less than 30 %, which is of the order of the systematic error of the fluence determination. The result for the IAF samples is comparable.
IV. ELECTROMAGNETIC IRRADIATION OF PCVD DIAMOND
At the Superconducting Darmstadt Linear Accelerator, S-DALINAC, a facility of the Technical University of Darmstadt, Germany, an electron beam of 10 MeV energy was used to irradiate samples up to levels of several MGy. Fig. 4 shows a photograph of the irradiation setup. The electron beam arrives from the left side, is collimated by 1 cm thick copper and traverses the light tight sensor box. The copper block on the right serves as Faraday cup, stopping the beam and it gives the possibility to measure the beam current. This setup has been simulated with a GEANT4 simulation [4] to extract the necessary constants to convert the beam current to a dose rate estimation. The beam intensities were varied between 10 nA and 100 nA corresponding to dose rates of 59 kGy/h to 590 kGy/h. The samples were biased with 400 V and in intervals of approximately one hour the Charge Collection Distance, CCD, was measured.
A. Measurement of the CCD
The CCD is the main characterizing parameter of a pCVD diamond. It is defined as: CCD = Q measured /Q induced × d, where Q measured is the charge measured and Q induced is the charge induced in the sample, which is 36 e − /μm times the thickness d of the sample. The induced charge is calculated from the most probable value of the energy depositions of 10 4 electrons passing it, recorded by a setup as shown in Fig. 5 .
B. Observation during Irradiation
In Fig. 6(a) samples an increase of the CCD is visible up to about 1 MGy. This behavior is well known for pCVD diamonds and referred to as pumping. It is related to the filling of traps with a rather long life time. After these traps have been filled they will no longer act as trapping centers and thus the charge collection efficiency is enhanced. As can be seen in Fig. 6(b) the behavior for the IAF samples is very similar apart from the initial decrease of the CCD for sample DESY8. For very high doses of more than about 1.5 MGy a decrease of the CCD is visible. It is noteworthy that in this region the highest dose rates corresponding to a beam current of 100 nA were achieved. All sensors were still operational after irradiation.
C. Properties after Irradiation
After a period of several days following the irradiation the samples were tested in the laboratory. These tests include the measurement of the current-voltage characteristics and the dependence of the CCD on the applied electric field. One example can be seen in Fig. 7 where no major difference is visible in the current-voltage characteristics before and after the irradiation. A slight increase of the current can be noted, but the current is still of the order of a few pA. The results for the other samples are comparable.
The CCD as a function of the applied electric field decreases for most of the samples. In Fig. 8 the measurement for the E6 sample is shown, which was irradiated up to about 7 MGy. The CCD dropped by approximately 80 % compared to the measurement before irradiation. Note that this was fully depumped in both cases. It was observed that by the additional irradiation with a low dose of about 20 Gy the CCD could be increased to almost the same level as before the high dose irradiation. This change in the pumping behavior indicates the creation of shallow trapping centres by the high dose irradiation.
V. CONCLUSION
Polycrystalline CVD diamonds for the BeamCal of the ILC detectors have been investigated in different test beams. Their linearity up to a particle fluence of 10 6 MIP/(cm 2 × 10 ns) was shown to be within 30 %, which is of the order of the systematic uncertainty of the fluence calibration. Irradiation with 10 MeV electrons showed that the diamond sensors were operational after absorbing up to about 7 MGy. The loss in charge collection was observed to reach 80 % with the possibility to recover this loss by pumping the samples with low doses of several Gy. 
